Transparent electrodes composed of ultrathin, unpatterned metal films are investigated in planar heterojunction ͑PHJ͒ and bulk heterojunction organic photovoltaic ͑OPV͒ cells. Optimal electrode composition and thickness are deduced from electrical and optical models and experiments, enabling a PHJ-OPV cell to be realized using a silver anode, achieving power conversion efficiency parity with an analogous cell that uses an indium tin oxide anode. However, few of these electrodes have yielded devices that perform comparably to those utilizing ITO, and fewer yet favor scale up. Previously, thin metal films have been investigated in organic optoelectronics as stand-alone transparent electrodes 7-11 and in conjunction with conducting oxides.
Transparent conductors are used in a wide variety of optoelectronic devices, including thin-film photovoltaic cells. Indium tin oxide ͑ITO͒ has been widely employed, but has significant shortcomings for low-cost and large-area device applications that include rising cost of indium, brittleness, and need for high growth temperature. 1 Research concerning ITO replacements in organic photovoltaic ͑OPV͒ devices has included work on other conducting oxides, 1,2 carbon nanotubes, 3 graphene, 4 highly conductive polymers, 5 and metallic microgrids combined with conducting polymers. 6 However, few of these electrodes have yielded devices that perform comparably to those utilizing ITO, and fewer yet favor scale up. Previously, thin metal films have been investigated in organic optoelectronics as stand-alone transparent electrodes [7] [8] [9] [10] [11] and in conjunction with conducting oxides. [12] [13] [14] We eliminate the brittle oxide layer and focus on using just the thin metal films as electrodes in planar heterojunction ͑PHJ͒ and bulk heterojunction ͑BHJ͒ OPV cells. Specifically, we systematically study how the electrical resistivity of thin metal films depends on their composition and thickness and examine how OPV cells perform for a range of electrode optical constants. The analysis provides general guidelines for metallic electrode design, based on which we demonstrate an OPV cell deposited onto a thin silver anode achieving parity with an analogous cell deposited onto ITO. The use of nonpatterned metal films as transparent electrodes potentially offers a number of advantages, including compatibility with low-cost roll-to-roll fabrication, 15 lowtemperature processing, 1,11 the ability to deposit on nonplanar substrates, 16 and improved mechanical flexibility. 13 OPV cells typically consist of thin ͑Ͻ200 nm͒ organic films sandwiched between two electrodes, one of which is transparent ITO. If a smooth, thin metal film replaces ITO, a thickness adjustment is required to optimize the trade-off between conductivity and transparency. Achieving low sheet resistance is important for OPV cell scale up, in order to reduce losses in transporting charge to external circuitry and to increase bus-line spacing. 3 Therefore, we first consider the sheet resistance of several thin metal films that have been previously demonstrated in OPV devices, including Ag, Au, and Al, 16, 17 using data compiled from our laboratory, as well as from the literature ͑as shown in Fig. 1͒ . [18] [19] [20] [21] [22] Thinner films generally exhibit higher resistivity due to electron scattering from the surface and grain boundaries. These processes are taken into account by the Fuchs-Sondheimer ͑FS͒ and Mayadas-Shatzkes ͑MS͒ models. 18, 23 A line fit is plotted as an example for Ag data in Fig. 1 , given by
with the total resistivity = FS + MS − bulk , where k = t / e , ␣ = ͑ e / D͒͑R / 1−R͒. The modeling constants for Ag include an electron mean free path e = 52 nm, bulk resistivity bulk = 1.59 ⍀ cm, 24 a surface reflection coefficient p = 0.6, and a grain boundary reflection coefficient R = 0.78. The grain size D is proportional to film thickness t via D = 4.87t, determined empirically. Surface roughness exacerbates scattering and increases the likelihood of parasitic current shunting in a PV cell. 2, 25 The thin Ag films deposited in this study exhibit a͒ Electronic mail: pipe@umich.edu.
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FIG. 1.
͑Color online͒ A plot of experimentally determined sheet resistance vs metal films thickness for Ag, Al, and Au, compared to a nominal sheet resistance of ITO. The solid line is a fit to the experimental data for Ag films, based on the MS and FS models ͓Eqs. ͑1͒ and ͑2͔͒. Variations in sheet resistance at a particular thickness value are mainly due to varying film morphology, itself affected by substrate surface treatments and metal film deposition conditions. a roughness of 2-4 nm ͑compared to 7 nm we find for ITO on glass͒ and show no correlation between film roughness and thickness. We observe that a film thickness of approximately 10 nm or greater will ensure a sheet resistance equivalent to or better than ITO.
To investigate the expected change in short circuit current density ͑j SC ͒ incurred when replacing ITO by a thin metal film, we turn to optoelectronic modeling of both PHJ and BHJ-OPV cells, whose structures are shown in the inset of Figs. 2͑a͒ and 2͑b͒. 17, 26 For the PHJ cell, the exciton diffusion lengths of CuPc and C 60 are taken as 8.5 and 23 nm, respectively. For the BHJ cell, exciton dissociation is assumed to be 100% efficient with the external quantum ef-
where G is the exciton generation rate, L is the organic layer thickness, and L C is a characteristic carrier collection length, set as 80 nm. 27 The j SC is predicted by integrating the product of EQE ͑͒ and incident photon flux ͑AM1.5 spectrum, truncated between 300 and 900 nm͒ assuming no losses in charge extraction. The optical constants used in modeling are taken from literature. 17, [28] [29] [30] [31] Figures 2͑a͒ and 2͑b͒ show the predicted values of j SC for a 10 nm thick light in-coupling electrode having a refractive index n and an extinction coefficient k for the PHJ and BHJ cells, respectively. Common electrode materials ͑Al, Au, Ag, and conducting oxides ITO, SnO 2 :F, and AlZnO͒ are also mapped with the n and k values averaged between 300 and 900 nm weighted by the AM1.5 solar photon flux. The values of j SC calculated using dispersion-free optical constants differ by less than 6% from j SC values using the actual wavelength-dependent values for Ag, Au, and oxide electrodes. For the BHJ cell, we find that the optimal electrode material should have a very low n and a nonzero k of approximately 2, with k shifted toward smaller values for the PHJ cell. The unique values of n and k are results of optimizing the electric field phase shift and the Fresnel coefficients, maximizing the optical intensity within the device over the absorption band of the active layers.
Of the metals considered above, Ag has the best combination of optical properties and lowest sheet resistance. Silver has been employed as the anode material in a PHJ-OPV device 32 and is believed to form an Ohmic contact with CuPc. 33 We therefore compare device performance of PHJ-OPV cells with Ag and ITO light in-coupling electrode. The device structure shown in Fig. 3 was deposited ͑at 10 −6 torr͒ onto glass substrates, with film deposition rates of 0.1-0.3 nm/s. The ITO-OPV devices used substrates precoated with 150 nm of ITO, treated with UV-O 3 for 10 min prior to film deposition to improve charge collection and open circuit voltage ͑V OC ͒. 34 A 9 nm Ag anode was deposited at a rate of 0.2 nm/s and exposed to air for approximately 2 min while loading the ITO substrates into the vacuum chamber to complete the device. The OPV cell active area was defined by 1 mm diameter circular cathodes deposited through a shadow mask. Figure 3 shows the j-V characteristics of OPV cells deposited on ITO and Ag anodes; the Ag-based cell shows a comparable fill factor, smaller j SC , and larger V OC . Combined, the j SC , V OC , and FF parameters yield power conversion efficiencies for the Ag and ITO based devices of 1.88% Ϯ 0.07% and 1.86% Ϯ 0.11%, respectively. The 9 nm thick Ag film has a sheet resistance R S =15 ⍀ / sq, similar to the control ITO electrode ͑R S =11 ⍀ / sq͒, suggesting that the 9 nm thick Ag anode yields practically identical performance to ITO. We note that the larger V OC of the Ag electrode devices is likely due to a reduced contact resistance between the Ag and CuPc films. The V OC observed in the ITO-based device is similar to that found in literature and has been FIG. 2. ͑Color online͒ ͑a͒ The predicted short circuit current density j SC for a 10 nm thick light-coupling electrode ͑anode͒ for varying refractive index and extinction coefficient ͑ñ = n + i ‫ء‬ k͒, for the PHJ cell whose structure is shown in the inset. ͑b͒ Predicted j SC for a BHJ cell, structure given in the inset. The predicted values are compared with the optical constants of several metals and conducting oxides with the n and k values averaged over the 300-900 nm wavelength range, weighted by the photon flux across the solar spectrum. The oxide electrodes are typically much thicker ͑100-200 nm͒, but their optical constants are shown here nevertheless for comparison purposes. shown to improve with the addition of PEDOT:PSS. 17 Eschewing PEDOT:PSS, however, simplifies the device structure, the deposition process, and may improve device lifetime. 35 While V OC and FF vary little with Ag electrode thickness, light in-coupling and thus j SC depend strongly on it. We therefore extend the optical modeling and experiments to PHJ cells deposited on Ag electrodes of varying thickness. Figure 4 plots the reduction in j SC versus Ag thickness using the full optoelectronic model, accurately tracking the experimentally observed values. For comparison, we also provide the average far-field transmittance of the electrode weighted by the AM1.5 photon flux and the transmittance weighted by the organic layer absorption spectra. We find that the full optical model provides the best fit to the experimental data, while the far-field transmittance weighted by the absorption spectrum of the organic layers yields a less accurate fit. Along with Fig. 2 , these results highlight the importance of the optical constants of all device layers and suggest that full optoelectronic modeling and device fabrication are needed for accurate screening of candidate transparent electrodes in thin-film OPV cells.
In summary, we have shown that thin metal films can replace ITO in OPV cells, without the need for texturing or nano/micropatterning of the electrode. We analyzed a range of metals, showing systematically that Ag emerges as a good choice for a transparent, conductive electrode material due to favorable optical constants and low sheet resistance at the thicknesses of interest. Optical modeling of OPV devices suggests that a metal electrode may actually outperform ITO in a BHJ cell. While not shown here, the use of Ag films as electrodes raises the possibility of further raising the efficiency via surface plasmon energy transfer, 32 particularly with the use of textured or patterned films. 36 Nonpatterned metal films, however, are likely to be superior to most other transparent conductor alternatives in terms of materials and processing costs and simplify the fabrication of most device structures ͑e.g., devices deposited on low-temperature plastics or on nonplanar and opaque substrates͒. 16 We acknowledge the financial support of the U.S. Air Force Office of Scientific Research, the Michigan Memorial Phoenix Energy Institute, and the Rackham Graduate School. FIG. 4 . ͑Color online͒ A plot of j SC vs anode thickness for Ag anode-based OPV cells, compared to j SC values of an ITO-based cell; calculated and experimental results are shown. All devices were illuminated by nearly-AM1.5 light, ͑100-110 mW/ cm 2 intensity͒. The average far-field transmittance of the anode on glass is shown for two conditions: ͑1͒ weighted by the solar photon flux for AM1.5 and ͑2͒ weighted by the CuPc and C 60 absorption coefficients between 300 and 900 nm.
